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The aim of the present paper is to provide a quantitative prediction of the elastic-damage
behaviour of randomly oriented ﬁber polymer composites. A constitutive model based on
micromechanical considerations is presented. The nucleation and growth of voids induced
by progressive ﬁber debonding is combined with the constitutive relationship. Failure
resulting of excessive damage accumulation is captured by a critical void volume criterion
and a vanishing element technique. Experimentally, damage accumulation in random glass
ﬁber–polyester composites was monitored by a videoextensometry technique able to con-
trol the local strain rate. Good agreement of model predictions with experimental data is
pointed out. The model was implemented into a ﬁnite element program and numerical
applications on composite structures (a tensile specimen and a plate containing a central
hole) are presented to illustrate the capability of the approach. Digital image correlation
method was also used to measure the full-ﬁeld strain in a notched specimen under tensile
loading. The simulated results compared favourably with those obtained from
experiments.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Nowadays, polymer ﬁber composites are widely used for structural applications in the aeronautical and automotive
industries. Indeed, due to their lightweight, their relatively low cost, their ease of fabrication and their corrosion resistance,
these materials are more and more considered as substitutes for metallic materials in structural components. However, in
comparison to the case of metallic materials, the mechanical response of polymer ﬁber composites is not fully understood
yet. Therefore, establishing predictive tools for the material design of these complex structures remains a challenging task.
Furthermore, damage mechanisms in polymer ﬁber composites are very complex phenomena. Several damage mechanisms
can progressively accumulate in these systems such as matrix cracking, ﬁber–matrix interfacial debonding leading to ﬁber
pull-out and breakage, etc. Damage accumulation leads to initiation and propagation of a macrocrack and then to failure.
Depending on microscopic material parameters (such as ﬁber and matrix properties, ﬁber or ﬁber bundle shape ratio, ﬁber
orientation, ﬁber distribution, volume fraction, etc.) and loading mode, these damage mechanisms can occur simultaneously
or successively, and affect differently the mechanical integrity. Therefore, a rigorous modelling of the overall composite
behaviour requires to take into account the actual microstructure of the material and the effect of local damage.
Recent studies have proposed micromechanical models in order to relate their microstructure to the mechanical behav-
iour. Most investigations have been focused on unidirectional ﬁber reinforced composites. Christensen and Waals (1972)
proposed an averaging method for determining the overall mechanical properties of random ﬁber reinforced composites.. All rights reserved.
: +33 328767301.
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aligned ﬁber composite averaged over all orientations. A literature survey shows that there exists very few contributions
dealing with their damage behaviour. For polymer composites containing randomly oriented ﬁbers, Meraghni and Benzeg-
gagh (1995), Meraghni et al. (1996, 2002), Fitoussi et al. (1996, 1998), Derrien et al. (2000) and Desrumaux et al. (2000) de-
rived micromechanical models based on the Mori and Tanaka (1973) mean ﬁeld concept. Lee and Simunovic (2000) proposed
a micromechanical damage model taking into consideration the elastic–plastic behaviour of the matrix. Damage accumula-
tion was introduced into these micromechanical models from a probabilistic approach leading to parameters generally cal-
ibrated on the basic stress–strain response at the specimen scale. A damage model based on a self-consistent framework was
proposed by Nguyen and Khaleel (2004). Nguyen et al. (2005) proposed a modelling based on the Mori–Tanaka model. The
stiffness reduction induced by damage is introduced by exponential or polynomial functions of the damage variable coupled
to the stiffness of the virgin material.
The development of amicromechanical damagemodel has to take into account different aspects such as (i) the proposition
of a micromechanics-based approach that describes the inﬂuence of the damage variable on material stiffness, (ii) the deﬁni-
tion of a pertinent damage variable and its law of evolution, and (iii) the use of an appropriate experimental technique for
damage measurement. The last point is a key element in the choice of the damage variable to introduce in the constitutive
model in order to physically describe the damagemechanism occuring in thematerial. In the investigations referenced above,
the damage behaviour is experimentally addressed from acoustic emission or ultrasonic techniques. In this work, an alterna-
tive optical technique (François et al., 1994; G’Sell et al., 2002) is retained to quantify the progressive damage accumulation.
In the present paper, a micromechanical approach is adopted to predict the behaviour and damage evolution in chopped
random ﬁber reinforced polymer composites. The volumetric strain is selected as an appropriate damage indicator which
physically describes the progressive debonding between ﬁbers and matrix. Random glass ﬁber–polyester composites were
selected for a test program. The damage evolution was determined on the basis of a videoextensometry method able to con-
trol the local strain rate and from microscopic observations. To test the micromechanical damage model, tensile tests were
simulated and compared to the experimental data. In order to achieve structural analyses, the constitutive model was imple-
mented into a ﬁnite element code. The virgin elastic properties, the microscopic material parameters (volume fractions and
ﬁber bundle shape ratio), and the micro-damage parameters were identiﬁed and introduced as input parameters of the
implemented model. The progressive debonding damage and fracture behaviour of the composite are modelled. Failure
which is a result of excessive damage accumulation, leading to initiation and propagation of a macrocrack, is modelled using
a critical void volume criterion and a vanishing element technique. Illustrative numerical applications on composite struc-
tures (a tensile specimen and a plate containing a central hole) subjected to uniaxial tension were conducted using the
implemented constitutive model. Full-ﬁeld strain measurements by digital image correlation for notched tensile tests were
achieved. The validity of the model was examined by comparing the numerical simulations with the experimental results.
2. Micromechanical modelling of randomly oriented ﬁber polymer composites
2.1. Constitutive relations
In order to explicitly take into account the heterogeneous nature of the composite, traditional continuummechanics can-
not be directly used. Indeed, in this case, homogenization concepts are more convenient to link the microscopic material
parameters to the global behaviour. The microscopic material parameters have a direct impact on the initiation and evolu-
tion of all deformation mechanisms during the damage process. Therefore, they have an inﬂuence on the initiation and prop-
agation of a macrocrack resulting from damage accumulation. To perform an analysis of random glass ﬁber–polymer
composites, constitutive equations based on micromechanics concept are presented.
Tensor notation is used where tensors are denoted by bold-face symbols. The double dot ‘‘:” is the tensor contraction be-
tween a second-rank tensor and a fourth-rank tensor, while the single dot ‘‘.” denotes the tensor multiplication between two
fourth-rank tensors.
2.1.1. Overall virgin behaviour
In this section, a micromechanical model for glass mat ﬁber reinforced polymer composites is presented. In this model,
glass ﬁbers (phase 1) are assumed to be linear elastic ellipsoids randomly dispersed and oriented in a polymer matrix (phase
0). The matrix is assumed to be an isotropic medium having a linear elastic behaviour. The interfaces between the glass ﬁbers
and polymer matrix are assumed perfect, and the inter-ﬁber interactions are not considered. A perfect random-in-plane dis-
tribution of the ﬁbers is assumed in the analysis.
The equivalent homogeneous medium behaviour is deﬁned by the following relation:R ¼ C : E ð1Þ
where C denotes the overall stiffness tensor of the composite and R and E are the volume-averaged stress and strain tensors











5222 F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236r and e being the microscopic stress and strain tensors, respectively.
In the case of randomly located and unidirectionally aligned ﬁbers (Fig. 1a), the overall stiffness tensor C of the equivalent
homogeneous material derived by Ju and Chen (1994) is written as:Fig. 1.
composC ¼ C0:½Iþ B:ðI Sesh:BÞ1 ð3Þ
where I is the fourth-rank identity tensor, C0 is the stiffness tensor of the matrix and B is a fourth-rank tensor deﬁned by:B ¼ /1½Sesh þ ðC1  C0Þ1:C01 ð4Þ
C1 and /1 being the stiffness tensor and the volume fraction of ﬁbers, respectively.
In Eqs. (3) and (4), Sesh is the Eshelby tensor which depends on the ﬁber shape ratio a and on the Poisson’s ratio of the
matrix m0. For an elastic ellipsoid embedded in an inﬁnite elastic medium, Ju and Sun (1999) derived explicit formula
expressing the components of Eshelby tensor:Seshijkl ¼ S1ninjnknl þ S2ðdiknjnl þ dilnjnk þ djkninl þ djlninkÞ þ S3dijnknl þ S4dklninj þ S5dijdkl þ S6ðdikdjl þ dildjkÞ ð5Þ
where n is the unit vector (with n1 = 1, n2 = n3 = 0), dij is the Kronecker-delta symbol and S1, S2, S3, S4, S5, S6 are parameters
given by:S1 ¼ 116
16þ 45gþ 54a2 þ 60ga2
ðm0  1Þð1 a2Þ S2 ¼
1
16
8þ 15g 8m0  12gm0 þ 2a2 þ 8m0a2 þ 12gm0a2
1 m0  a2 þ m0a2
S3 ¼ 116
3gþ 10a2 þ 12ga2
ðm0  1Þða2  1Þ S4 ¼
1
16
3gþ 16m0 þ 24gm0 þ 10a2 þ 12ga2  16m0a2  24gm0a2
ðm0  1Þða2  1Þ
S5 ¼ 116
g 8gm0  2a2  4ga2 þ 8gm0a2
ðm1  1Þða2  1Þ S6 ¼
1
16
7gþ 8m0g 2a2 þ 4ga2  8gm0a2




1a aða2  1Þ1=2 for a > 1
a
ð1a2Þ3=2 ½að1 a2Þ















Schematic representation of (a) the orientational procedure to obtain a random ﬁber composite system from unidirectional one, (b) a random ﬁber
ite system with interfacial debonding.
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QmiQnjCmnpqQpkQql sin hdh ð8Þwhere the range of the Eulerian angle h is 0 6 h 6 p. Further, Qij are the direction cosines from the local ﬁber coordinates (10–
20 plane) to the global coordinates (1–2 plane) (Fig. 1a):Q11 ¼ Q22 ¼ cos h
Q33 ¼ 1
Q12 ¼ Q21 ¼ sin h
Q13 ¼ Q31 ¼ Q23 ¼ Q32 ¼ 0
ð9ÞAccording to the orientational averaging homogenization procedure derived by Lee and Simunovic (2000), the overall stiff-
ness tensor of randomly oriented ﬁber composites can be expressed as:hCijkli ¼ eC1ninjnknl þ eC2ðdiknjnl þ dilnjnk þ djkninl þ djlninkÞ þ eC3dijnknl þ eC4dklninj þ eC5dijdkl þ eC6ðdikdjl þ dildjkÞ ð10Þ
where:eC1 ¼ 38C1 eC2 ¼ 18 ðC1 þ 4C2Þ eC3 ¼ 18 ðC1 þ 4C3Þ eC4 ¼ 18 ðC1 þ 4C4ÞeC5 ¼ 18 ½C1 þ 4ðC3 þ C4 þ 2C5Þ eC6 ¼ 18C1 þ C2 þ C6
ð11ÞC1,C2,C3,C4,C5,C6 being the parameters of the overall stiffness tensor of the composite with unidirectionally aligned ﬁbers (Lee
and Simunovic, 2001).
2.1.2. Overall damage behaviour
In this section, damage accumulation is included in the virgin micromechanical model. It is known that debonding dam-
age, namely the partial separation of some ﬁbers from the matrix, may occur during the deformation process. The interfacial
zone is then the site of voids initiation and growth. One assumes that matrix cracking is not present in the material and the
effect of other damage mechanisms (ﬁber pull-out and breakage) on the mechanical response is negligible before the ﬁnal
stage of damage leading to fracture.
After damage nucleation, the composite consists of the matrix (phase 0), the perfectly bonded ﬁbers (phase 1) and the
voids (phase 2). The initial two-phase composite becomes a three-phase composite and the overall stiffness tensor C takes
the following form:C ¼ C0: Iþ
X2
r¼1
Br :ðI Seshr :BrÞ1
" #
ð12Þwhere Seshr is the Eshelby tensor for phase r and the fourth-rank tensor Br is deﬁned as:Br ¼ /r½Seshr þ ðCr  C0Þ1:C01 ð13Þ
Cr and /r being the stiffness tensor and the volume fraction of the phase r, respectively. Fig. 1b illustrates the composite with
interfacial debonding inducing the creation of voids. Each void is considered as an ellipsoid with null stiffness. When a ﬁber
is debonded, it does no longer contribute to material reinforcement. In order to avoid replacing this debonded ﬁber by a void
(which is clearly a lower bound of the overall mechanical behaviour), one assumes an intermediate state and this one is re-
placed by an equivalent volume of matrix material. The progressive stiffness reduction of the composite due to damage is
expressed by an increase in void volume fraction and a decrease in ﬁber volume fraction. The orientational randoming pro-
cedure according to Eq. (8) is applied to both ﬁbers and damaged ﬁbers (including voids), giving the 2D random array of
Fig. 1b.
The local interfacial debonding between the ﬁbers and the matrix is controlled by the hydrostatic stress in the ﬁbers r1h.
In order to introduce the stochastic nature of the process, it is expressed in the following statistical form (Weibull, 1951):Pdðr1hÞ ¼ 1 exp  r1hru
 m 
ð14Þwhere m and ru are experimentally determined statistical parameters.
The debonded ﬁber volume fraction can be given by:/d ¼ /Pdðr1hÞ ð15Þ
/ being the initial ﬁber volume fraction.
5224 F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236The void nucleation rate induced by interfacial debonding is assumed to be proportional to the rate of debonded ﬁber
volume fraction and is expressed by the following relationship:_/nucl ¼ c _/d ¼ c/ oPdðr1hÞor1h
_r1h ð16Þwhere c is a scaling coefﬁcient and the dot denotes the time derivative.
For unidirectionally aligned composites, the averaged internal stress in the ﬁbers is assumed uniform and expressed by





: E ð17ÞTo derive the internal stress in the ﬁbers for randomly oriented composites, an orientational randoming procedure, based
upon a similar relationship than Eq. (8) but written for a second-rank tensor, is used (Lee and Simunovic, 2000). Voids intro-
duced by interfacial debonding are assumed to retain a uniform shape ratio during the deformation process. The growth rate
of voids at the interface is assumed to be controlled by the macroscopic hydrostatic stress Rh and is given by the following
relation (Steenbrink et al., 1997):_/grow ¼ 34lb/nucl
_Rh ð18Þl being the shear modulus of the composite and b a parameter introduced here to take into account the effect of ﬁber-ﬁber
interaction. The total void volume fraction is given by the sum of nucleation of voids and growth of these voids:_/2 ¼ _/nucl þ _/grow ð19Þ
The discretely formed microvoids grow with increased loading, and failure is characterized by coalescence of these voids to
form a macrocrack which propagates unstably. Failure mechanism, resulting from a quick void growth rate, is captured by
the following criterion based on a critical value of void volume fraction:/2 ¼
/2
/2c þ dð/2  /2cÞ

if /2 < /2c
if /2 P /2c
ð20Þwhere /2c is the critical value reached by /2 leading to void coalescence and the parameter d deﬁnes the growth rate of the
propagating macrocrack. Note that the criterion (20) is similar to that employed by Needleman and Tvergaard (1984) in the
well-known Gurson (1977) ductile damage model.
2.2. FE implementation
The constitutive model, described in the previous section, was implemented in the ﬁnite element (FE) code MSC.Marc to
simulate the behaviour and damage evolution in structures made of random glass ﬁber–polymer composites. For each time
increment, the subroutine is applied to each Gaussian integration point of each element and the global stiffness tensor
hCt+Dti of the composite is evaluated. In order to compute the elastic-damage behaviour of the composite material, the mac-
roscopic stress tensor R is determined according to Eq. (1). The averaged hydrostatic stress in the ﬁbers is computed and the
current volume fraction of ﬁbers featuring perfect interfacial bonding is updated for each time increment:/1ðtþDtÞ ¼ / /dðtþDtÞ ð21ÞThe incremental form of Eq. (19) by the Trapezoidal integration scheme may be written as:D/2 ¼
Dt
2
½ _/2ðtÞ þ _/2ðtþDtÞ ð22Þwhere the integrated current value is given by:/2ðtþDtÞ ¼ /2ðtÞ þ D/2 ð23Þ
Calculation of the damage is then carried out at every material integration point of the elements. When the critical value of
damage is reached at a material integration point, the stress must drastically decrease which is manifested by the loss of load
carrying capacity during void coalescence. In this ﬁnal stage, extremely complex interactions between various damage
mechanisms occur. This can be reproduced numerically by a vanishing element technique as suggested by Tvergaard
(1986) and Nguyen et al. (2005). This consists in reducing gradually the material stiffness at the integration point. The reduc-
tion of the stiffness must be progressive in order to avoid numerical instability and to keep the mechanical equilibrium of the
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hCi
hCifailure ¼ hCi  n1n1n2 hCi
(
if /2 < /2c
if /2 P /2c
ð24Þwhere n1 is the step integer variable which initial value n10 corresponds to the step number at which /2 reaches the critical
value /2c, and n2 is a parameter which must be carefully chosen in order to avoid numerical instability. Here, the optimal
value was n2 = n10  1. When the stress reaches 5% of the fracture stress (instead of 0% in order to avoid numerical instabil-
ity), the material stiffness is reduced to zero.
The input parameters for the subroutine are the Young’s modulus and Poisson’s ratio of the matrix and ﬁbers: E0, m0, E1, m1,
initial ﬁber volume fraction: /, ﬁber shape ratio: a and micro-damage parameters: m, ru, c, b, /2c, d.
In the following section, the quantitative predictions of the micromechanical model are compared with experimental data
of typical polymer ﬁber composites regarding the tensile stress–strain response and the damaged volumetric strain evolu-
tion. Numerical applications on macrostructures are presented to illustrate the capability of the approach. Then, the model is
validated against an illustrative application.
3. Measurement of damage parameters and FE applications
3.1. Material description
The selected composites consist of chopped (E-glass) ﬁbers embedded in an unsaturated polyester matrix. In order to rep-
resent the composite material via the micromechanical model different parameters, such as ﬁber shape ratio, volume frac-
tion and mechanical properties of each constitutive phase, must be identiﬁed. The elastic properties of each constituent are
given in Table 1. The properties of the polyester resin were measured by the videoextensometry technique described in Sec-
tion 3.2. The composites were processed by compression moulding from mat densities of 450 and 600 g/m2. These systems
are characterized by a quasi random-in-plane distribution of the ﬁbers. The ﬁber content, determined by burning off the ma-
trix, is about 21% and 34% in volume. The two glass ﬁber reinforced polyester (GFRP) composites under study are designated
as GFRP-A and GFRP-B for the 21% and 34% ﬁber volume fractions, respectively. Each ﬁber bundle is constituted by 50 ﬁbers
and is seen as an equivalent ﬁber in the theoretical analysis. The ﬁber bundle shape ratio is assumed to be constant and equal
to 100. The ﬁber characteristics are listed in Table 2.
3.2. Characterization of damage evolution
The stress–strain response of composite, representing its basic mechanical behaviour, was measured. In addition to
stress–strain behaviour, the damaged volumetric strain behaviour was locally measured. Fig. 2 shows the tensile specimen
geometry which was optimized to localize the deformation in the center while keeping the triaxiality ratio as close as pos-
sible to that of the uniaxial stress state (Bouaziz et al., 2007). The specimen thickness is 4 mm for GFRP-A and 2 mm for
GFRP-B. Uniaxial tensile tests were performed using an Instron machine (model 5800) connected to a videotraction set-
up constituted of a charged couple device (CCD) camera and a computer unit for image digitizing and analyzing. A schematic
overview of the experimental set-up is shown in Fig. 3. The three experimental parameters, load, cross-head displacement,
and local strains were acquired in real time by the system. The videotraction method in its most recent version allows careful
stress–strain evaluation. It is based on the analysis of the evolution of seven round ink markers, leading to the in situ deter-
mination of the longitudinal and transversal strain history in a representative volume element (G’Sell et al., 2002). Fig. 2
shows the conﬁguration of the seven markers for strain measurements. Five markers are aligned along the tensile axis 1,
each located 1 mm apart. Two others are aligned along the perpendicular axis 2 in the minimum cross-section area. Each
marker is about 0.5 mm in diameter. The surface of the specimen is digitized by the system and the current location of
the markers is provided 50 times per second with a precision of about 0.05 pixel. This gives a precision on the deformation
of about 0.0002.
Once the local strains known, the local volumetric strain can then be determined from the following expression:Ev ¼ V  V0V0 ¼ ð1þ E11Þð1þ E22Þð1þ E33Þ  1 ð25Þwhere E11 is the local longitudinal strain, E22 and E33 are the local transversal strains, and V0 and V are the initial and current
volume of the representative volume element. Note that since the technique can only measure in-plane strains, E22 and E33
are assumed equal.ical properties of E-glass/polyester composite
nents Young’s modulus (MPa) Poisson’s ratio
er resin 4400 0.35
ﬁbers 72000 0.25
Table 2
Characteristics of E-glass ﬁbers
Fiber diameter (lm) 10
Bundle diameter (mm) 0.5
Fiber shape ratio 5000
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Fig. 3. Schematic of the experimental set-up for videotraction tests.
5226 F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236The damaged volumetric strain measuring the degree of debonding damage in the composite is given by:Edv ¼ Ev  Eev ð26Þ
Eev being the purely elastic part of the volume variation due to the Poisson effect:Eev ¼ ð1 2mÞ
R11
E
ð27Þwhere m and E are the Poisson’s ratio and the Young’s modulus of the composite respectively, and R11 is the longitudinal
stress given by:R11 ¼ FS0ð1þ E22Þð1þ E33Þ ð28Þ
F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236 5227where F is the applied load and S0 is the initial cross-section.
A constant longitudinal strain rate is maintained in the center of the specimen during all the test by the video-controlled
testing system from dynamic regulation of cross-head velocity of the Instron machine. This is illustrated by Fig. 4 in which
the local and global longitudinal strain rates are displayed as a function of time.
Fig. 5 presents the local stress–strain and damaged volumetric strain behaviour measured under a local constant strain
rate of 104 s1 at room temperature. In this section, we only focus on experimental curves given by solid lines. The exper-
imental curves are plotted until ﬁnal breaking. GFRP-A exhibits a quasi-linear behaviour up to failure. For GFRP-B, the begin-
ning of the curve is linear and then becomes non-linear. The initiation and growth of damage are clearly observed. Indeed, it
is seen that the damaged volumetric strain is zero in the initial part of the loading and then begins to increase at a certain
strain threshold. Void growth rate, deﬁned by the slope of the damaged volumetric strain curve, gradually increases with
deformation and drastically increases when the sample fails. The extremely rapid void growth at failure can be associated
to void coalescence, which leads readily to an unstable macrocrack propagation. During this ﬁnal stage, various complex
damage mechanisms can be combined. This is accompanied by a drastic stress drop. The comparison of the two composites
puts in light the increase in damage with the increase in ﬁber volume fraction. This increase in damage can be attributed to
the greater ﬁber–ﬁber interaction.
During the deformation process, the specimen whitens (Fig. 6a) in its central part which is a visual proof of the nucleation
and growth of microvoids in the material. Indeed, the whitening appears because the void reaches a size of the order of the
light wavelength which is of about 0.6lm.
In order to better understand the involved damage mechanisms, scanning electron microscope (SEM) micrographs were
achieved. SEM observations (Fig. 6b) revealed that the fracture surfaces contain numerous voids located around broken ﬁ-
bers or in the location of ﬁbers. These observations indicate that interfacial damage seems to be the predominant mechanism
during deformation.
The following section concerns the identiﬁcation of the constitutive law parameters for the two composites.
3.3. Comparison between model and experimental measurements
The statistical parameters involved in the kinetics of damage are identiﬁed by using the experimental data providing the
damaged volumetric strain as a function of local strain. The parameters appearing in the nucleation rate of voids (Eq. (16))
are ﬁrst determined. The value of the parameter m is arbitrarily ﬁxed to 5. Then, the parameters ru and c are determined by
ﬁtting the initial part of the volumetric strain curve. Note that the parameter ru acts on the apparent threshold of the void
nucleation while the parameter c controls the level of nucleated voids. The parameter b controlling the damage evolution
(Eq. (18)) is then determined to obtain a better ﬁt of the experimental observation beyond the threshold. It is adjusted to
obtain simultaneously the best ﬁt of both the volumetric strain and the macroscopic stress evolutions. The parameters
/2c and d involved in the critical void volume criterion (Eq. (20)) are calibrated in the ﬁnal stage of the volumetric strain
curve. The parameter /2c corresponds to the threshold beyond which a drastic increase of the volumetric strain occurs
and is graphically determined. The parameter d corresponds to the slope of the volumetric strain curve at the ﬁnal stage.
Table 3 gives the value of the six micro-damage parameters. One can note, when analyzing the identiﬁcation results, that
the damage evolution of the two composites is completely different. For GFRP-A, the nucleation of voids is the main process
of damage and void growth contribution is nearly negligible. In the case of GFRP-B, the nucleation can be considered as an























































































Fig. 5. Experimental stress–strain and damaged volumetric strain–strain curves: (a) GFRP-A, (b) GFRP-B.
5228 F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236mate is shown in Fig. 5. The model is very close to the experimental data both for the tensile stress–strain response and for
the damaged volumetric strain evolution.
For a complex composite macrostructure, the FE computation is essential for an appreciation of the stress, strain and
damage ﬁelds. The responses of a tensile specimen and a plate containing a central hole are further analysed in order to illus-
trate the adopted approach.
3.4. FE simulations
The numerical analysis of the tensile specimen used in the experimental analysis (Fig. 2) was carried out under three-
dimensional conditions and uniform tensile displacement by using the FE method. Fig. 7 shows the three-dimensional FE
mesh for a quarter of the tensile specimen. The FE mesh contains 2000 eight node brick elements. The initial elastic prop-
erties (Table 1), the ﬁber characteristics (Table 2) and the identiﬁed parameters (Table 3) are introduced into the FE simu-
lations as input constants.
The transverse strains E22 and E33 are plotted versus the longitudinal strain E11 in Fig. 8 for two material points in the
width (marked as A) and the thickness (marked as B), respectively. This provides information regarding the assumption
of transverse isotropy made in the experimental analysis, since only in-plane strains were measured. During the purely elas-
tic stage, prior to the occurrence of damage, the two predicted curves are very close but during damage development they
diverge in a progressive way.
Damage and crack progression patterns in a plate containing a central circular hole were also simulated. The plate dimen-
sions are 80 (length)  25 (width)  4 mm (thickness). Hole diameter is 5 mm. Fig. 9 shows the three-dimensional FE mesh.
Due to the symmetry, only one quarter of the specimen is modelled. Three-dimensional, eight node, brick solid elements
were used. It is worth noting that the damage distribution predicted by the model is affected by the mesh size. A ﬁne mesh




Weibull parameter m 5 5
Weibull parameter ru (MPa) 118 50
Scaling factor c 0.08 0.0008
Interaction parameter b 1 4
Critical value /2c 0.0065 0.0095
Rate of coalescence d 50 50
F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236 5229is used near the hole and the element size is increased away from the hole. The FE mesh contains 2000 brick elements. A
uniform in-plane displacement is applied at the top of the specimen.
FE simulation predicts damage initiation and propagation, as well as crack initiation and propagation based on the critical
void volume threshold. As expected, the stress distribution exhibits a high gradient level around the equator of the hole and
becomes progressively uniform while moving from this zone. Fig. 10 presents the predicted distribution of debonding dam-
age for GFRP-A at four different levels of loading. The damaged zone is conﬁned around the equator of the hole and expands
upon increasing the applied displacement. The damage magnitude increases with decreasing distance from the hole. When
the damage reaches the critical value at a material point, a crack is assumed to occur by void coalescence. The crack initiates
from the equator of the hole and propagates perpendicularly to the loading direction. Failure of the sample can be assumed
to occur when damage is localized into a thin band.
As it may be seen from Fig. 11, the longitudinal stress at the equator of the hole, ﬁrst increases, and when the critical void
volume is reached, a rapid stiffness loss occurs. This indicates void coalescence and can be related to the propagation of a
macrocrack. The maximum is reached when the remote stress is about 30 MPa.
In the following section, validation of the constitutive model is presented from a comparison between the experimental
non-homogeneous tensile response of a notched specimen and its numerical simulation.










































Fig. 8. Prediction of transversal strains versus longitudinal strain at two different locations: (a) GFRP-A, (b) GFRP-B.
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Fig. 9. FE mesh for a quarter of the plate containing a central circular hole.
Fig. 10. Prediction of damage distribution in the plate containing a hole at four levels of loading.
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The experimental results presented above highlight the elastic-damage behaviour of the ﬁber reinforced polymer com-
posites. The main goal was to measure locally the volume change during a tensile test via videotraction method. The volu-
metric strain is an important indicator of the deformation processes, thus allowing parameter identiﬁcation of the
micromechanical damage model.
Although it allows for a degree of non-homogeneous longitudinal strain, videotraction technique assumes homogeneity
of longitudinal strain along the width of the specimen; it cannot provide full-ﬁeld strain on the specimen. To obtain full-ﬁeld



















Fig. 11. Prediction of stress–strain curve at the equator of the hole.
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2005; Wang et al., 2008). This optical full-ﬁeld technique is very attractive because of its accuracy and spatial resolution per-
formances for strain gradient measurement. In this section, non-homogeneous experimental tests via DIC method were con-
ducted for the validation of the constitutive model.
4.1. DIC procedure
The experimental procedure is brieﬂy described in this section. A random speckle pattern was applied to the specimen
surface with ink in order to obtain randomized gray levels distributions in the image. For a good spatial resolution, the diam-
eter of speckles must be as uniform and small as possible. Moreover, the speckles must remain adherent to the specimen
surface during the deformation in order not to disturb the measurements. A white light was used to illuminate the area
of interest. Images of the specimen surface were recorded throughout the test at regular intervals (acquisition rate of
2 Hz) via a CCD camera and digitized in 1024  1024 pixels. An image processing unit, based on correlation calculations, cal-
culates a two-dimensional ﬁeld of in-plane displacements. From the full-ﬁeld displacement, the full-ﬁeld strain is calculated
by derivation. The method consists in correlating the gray levels of each image of the deformed specimen to their counter-
part in the image of the undeformed specimen (reference image) before loading. Each image corresponds to only one defor-
mation state of the specimen. The area of interest of each image is divided into small square subsets of size 64  64 pixels.
The program calculates the longitudinal and transversal in-plane displacements of the center point of each subset. The pre-
cision on displacement measurement is about 0.05 pixel. Typical error on the deformation is about 0.0005.
The lens axis of the CCD camera of DIC system is kept perpendicular to the front face of the specimen. Used in conjunction
with DIC, the CCD camera of the videotraction system points at the adjacent side in order to control and keep the local strain
rate constant. The two CCD cameras are therefore perpendicular. A schematic overview of the experimental set-up is shown
in Fig. 12.
4.2. DIC results
In order to assess the accuracy of the full-ﬁeld technique and to calibrate the system, two tests were performed. The ma-
chine cross-head velocity was regulated by the videotraction system for the two tests. For the ﬁrst test, four ink round mark-
ers, applied to the specimen surface, were used to determine the longitudinal and transversal strains via videotraction
system. Two markers are aligned along the axis 1 and two others along the perpendicular axis 2. The distance between
two aligned markers is 1 mm. For the second test, random speckle pattern images around the same zone were digitally re-
corded and analyzed via DIC method, while videotraction system controls the local strain rate on the adjacent side. Relative
displacements of two points in the longitudinal and transversal directions on the specimen surface were calculated thanks to
the two-dimensional displacement ﬁeld of the DIC result. It allows comparing the displacement measured by DIC and vid-
eotraction techniques. The tests were achieved on the specimen geometry given in Fig. 2 with GFRP-B composite. Longitu-
dinal and transversal relative displacements measured with the two methods are compared in Fig. 13. The minor
discrepancies show the good measurement accuracy. Thus, the DIC procedure (including specimen preparation, acquisition
and analysis steps) used in this study is validated.
The DIC technique was used on a notched specimen (GFRP-B) with geometry and dimensions given in Fig. 14. The cor-
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Fig. 13. Experimental longitudinal and transversal relative displacements obtained from videotraction and DIC methods.
F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236 5233map the local strains on the specimen. As an exemple, Fig. 15 presents the map of the longitudinal strain measured at an
applied stress of 50 MPa. It shows that the highest values are localised in the vicinity of the notches in a quasi-symmetrical
way. From the DIC technique, the strain proﬁles can be obtained according to the applied stress level. Fig. 16 shows the
experimental longitudinal strain proﬁles along the width of the specimen. A gradient of strain ﬁeld is clearly observed
and all strain curves have similar shapes. The higher the applied stress, the higher the strain level is. The symmetry can
be sometimes lost, this can be attributed to the heterogeneous nature of the material. The maximum strain value is located
at a distance of about 2 mm from the notch. A longitudinal strain value of 1.7% was measured for an applied stress which
amounts to 90% of the stress at failure, which is higher than the global failure strain of the material. This value may be
the manifestation of a macrocrack. Indeed, the propagation of a macrocrack on the specimen surface can deteriorate the
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Fig. 14. Specimen geometry used for full-ﬁeld tests (dimensions in mm).
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Fig. 16. Experimental and predicted longitudinal strain proﬁles along the width of a notched specimen.
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This section presents the validation of the constitutive model using local strain measurements performed by DIC on the
notched specimen under tensile loading conditions.
Three-dimensional FE simulations of the notched specimen were performed. Due to symmetry, only one fourth of the
notched specimen was modelled. The FE mesh contains 1000 brick elements. A view of the mesh is given in Fig. 17. The ap-






















Fig. 18. Experimental and predicted stress–strain curves at the mid zone of the notched specimen.
F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236 5235plied loading consists in the in-plane displacement of the upper part of the notched specimen. To check the implemented
model, the stress–strain curves measured in the mid region of the specimen are compared with numerical results in
Fig. 18. One can observe a reasonable agreement between measured and simulated results. The evolution of the predicted
proﬁles of the longitudinal strain along the width of the specimen is plotted in Fig. 16. The deviation between the numerical
values and the experimental ones does not exceed 10% in the center part. The close agreement between computed results
and test ﬁndings validates the capability of the micromechanics-based constitutive model to predict the mechanical re-
sponse of random glass–polymer composite structures.
5. Conclusion
A micromechanical approach was adopted for the elastic-damage prediction of glass mat reinforced polymer composites.
Void onset and evolution, induced by progressive interfacial debonding, are integrated into a micromechanically derived
model to estimate the overall mechanical behaviour in connection to the microstructure. The stress–strain and volumetric
strain behaviours of glass mat reinforced polyester composites were locally determined by using the videotraction method.
The method allows to measure the strains in a representative volume element and to control the local longitudinal strain
rate at the same time. The micromechanical model was incorporated into a FE code. The fracture process was incorporated
in a phenomenological way in order to represent the macroscopically observed failure. When failure occurs, a critical void
volume criterion and a vanishing element technique were used. A fairly good agreement between the predictions of the
model and experimental data was found. Numerical analysis was carried out for both a tensile conﬁguration specimen
and a plate containing a hole. The capability of the approach to model the damage ﬁelds in the vicinity of the hole was
5236 F. Zaïri et al. / International Journal of Solids and Structures 45 (2008) 5220–5236shown. The constitutive model implemented in the FE code provides a useful tool for damage and failure patterns estimate in
random glass ﬁber–polymer composite structures. DIC method was used to obtain full-ﬁeld strain measurements. The model
was validated from the comparison between the local strain ﬁelds experimentally measured on a notched specimen and the
numerical predictions.
It is worth noting that the capability of the approach was only examined for in-plane mechanical behaviour. The model
needs to be further validated under more complex loading conditions.
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